. the impact of the expression of specific Ca 2؉ -binding Unfortunately, it is very difficult to separate experiproteins or the errors in Ca 2؉ measurement introduced mentally the various processes contributing to Ca 2ϩ reby indicator dyes, the diffusion coefficient D e and the distribution, and it seems that to date no experimental Ca 2؉ -binding ratio e of endogenous Ca 2؉ buffers must data are available that would allow us to estimate the be known. In this study, we obtain upper bounds to contribution of fixed buffers, mobile buffers, and extruthese quantities (D e Ͻ 16 m 2 /s; e Ͻ 60) for axoplasm sion mechanisms separately under in vivo conditions. of metacerebral cells of Aplysia california. Due to these Hodgkin and Keynes (1957) already recognized that very low values, even minute concentrations of indicadiffusion of radioactivity-labeled Ca 2ϩ was retarded in tor dyes will interfere with the spatiotemporal pattern the squid giant axon. They determined the 'retardation of Ca 2؉ signals and will conceal changes in the expresfactor' to be about 40. However, the radioactive tracer sion of specific Ca 2؉ -binding proteins, which in the measurement was performed on the minute timescale native neuron are expected to have significant effects and over millimeter distances-a regime in which equilion Ca 2؉ signals.
bration with Ca 2ϩ -sequestering organelles occurs, such that only the combined effect of the buffering and seIntroduction questration processes was assayed. Poisoning of the Ca 2ϩ -sequestration processes allowed a more detailed A large number of cellular functions are controlled by investigation of the contributions of these mechanisms. the intracellular concentration of calcium (Miller, 1991) .
More recently, Allbritton et al. (1992) ] activate each single process. These are: (I) The affinity was increased, in accordance with the idea that at higher to Ca 2ϩ may differ for different processes. Thus, for [Ca 2ϩ ], some of the fixed buffers are saturated and thereany given "window" of [Ca 2ϩ ] i , a subset of processes is fore can no longer retard diffusion. This work, recent activated. (II) The on rate of different processes may studies by Al-Baldawi and Abercrombie (1995a) on exvary. As a result, the Ca 2ϩ -dependent processes that tracted axoplasm from Myxicola, and a number of recent are activated are defined by the duration to which the theoretical studies (Sala and Hernandez-Cruz, 1990; NoCa 2ϩ signal is present, and (III) the Ca 2ϩ -dependent tarwycky and Pinter, 1993) clearly demonstrate the imporget molecules may be unevenly distributed in the cytotant effects of fixed Ca 2ϩ buffers on Ca 2ϩ diffusion. sol. Thus, the location of the activated calcium source An open question, however, is whether in vivo there and the range of Ca 2ϩ diffusion restricts the volume of are additional mobile buffers, which are lost during hancytosol that can be influenced by the Ca 2ϩ signal (for dling of the cytoplasmic samples or by 'washout' in example, Jaffe et al., 1992; Fields and Nelson, 1994;  a whole-cell patch-clamp situation. Simple estimates Spruston et al., 1995) . In the present study, we focus about the mutually competing effects of fixed and moon the analysis of some of the parameters that determine bile buffers show that the presence of reasonable amounts of ATP alone may by itself speed up diffusion the range of calcium action in neurons.
of Ca 2ϩ by a factor of 2 to 3 above the 'floor value' Here, the nomenclature of Zhou and Neher (1993) is used with indexes m and s representing mobile and prevailing in the case that only fixed buffers are present (Zhou and Neher, 1993 ] ] i is smaller than the dissociation constants of mobile buffers, the transport equation takes the simple form of the classical diffusion equation with with A o depending on the strength of the injection. If an apparent diffusion constant D app (equations 44-46 of the cylindrical structure is long compared to diffusional Wagner and Keizer, 1994) :
distances during an experiment, we can integrate the Ca 2ϩ deflection from baseline over the whole cylinder 
pressure injected fura-2 pentapotassium into the cell body of a cultured metacerebral neuron. As soon as ϭ A 0 exp(Ϫt/) (9) the fura-2 concentration reached a desirable value, the fura-2 injecting micropipette was pulled out, thereby This shows that the spatial integral plotted as a function preventing any further increase in the fura-2 concentraof time should readily give a time constant, according tion during the experiment. Sufficient time was then alto equation (7), which reflects the Ca 2ϩ retrieval rate and lowed for the concentration of the indicator dye to equilithe total Ca 2ϩ buffer capacity of the axon. brate throughout the neuron ‫01ف(‬ min). The final Analysis of the width of the Gaussian at fixed time, concentration of fura-2 in the axonal segment was estirepresented by equation (8), likewise gives an estimate mated as described in the Experimental Procedures. of D app. The width at the point where the Gaussian Fura-2 leakage from the neuron during the experiments reaches 1/e of its maximum value is given by x o, where ‫02ف(‬ min) was negligible.
We next inserted a calcium-containing micropipette
4D app t (10) into the axon. After the acquisition of control fura-2 ratio images ( Figure 1A , control), Ca 2ϩ was briefly (0.2-0.4 s) x 2 o ϭ 4D app t (11) pressure injected into the axon while acquiring ratio images at a rate of 1 image /1.8 s, for a duration of such that D app is the slope of a plot of x o 2 versus 4t. 40-60 s. Injection strength was adjusted, such that peak The analysis given in this paper will concentrate on [Ca 2ϩ ] did not exceed 600 nM for the second and later measuring D app (equation 1) from such plots as a function images. The radial calcium concentration gradient of the Ca 2ϩ -binding ratio of the indicator dye fura-2. It formed in the axoplasm at the end of the injection equilishould be pointed out, though, that due to the analogy brated within 1 s ( Figure 1A ; 0 s and 1.8 s). In contrast between equation (4) and the cable equation (see Zador to that, the diffusion along the longitudinal axis of the and Koch, 1994), Dapp can also be determined from a axon dissipated at a significantly slower rate ‫02-51ف(‬ length constant and the intrinsic time constant (equas). Thus, the experimental conditions approached the tion 7) according to theoretical assumptions, since only longitudinal calcium
12) concentration gradients existed, and peak [Ca] was smaller than the dissociation constant of fura-2 over where most images.
After a rest period of 3-5 min, which allowed complete recovery of the [Ca 2ϩ ] i gradient, the procedure of intraIf, for simplicity, we consider one endogenous mobile cellular Ca 2ϩ injection was repeated up to three times. buffer species with diffusion coefficient and Ca 2ϩ -bindThereafter, the calcium-containing micropipette was ing ratio Dm and m, respectively, and one fixed buffer withdrawn from the axon, and the fura-2-containing mispecies with s , and in addition the indicator dye with cropipette was reinserted into the cell body. D b and b , we obtain from equation (1):
Additional amounts of fura-2 were injected into the soma to elevate the cytoplasmic fura-2 concentration.
We then pulled out the fura-2-containing micropipette, (14) time was allowed for fura-2 equilibration, and the procedure of calcium injection and imaging of its spatiotempoThe equation can be further simplified by introducing ral distribution pattern was repeated. In some of the lumped parameters for the endogenous buffers:
experiments, this sequence of taking images could be e ϭ s ϩ m (15) performed at three consecutively increasing fura-2 concentrations.
] i profiles along the longitudinal axis of the axon at specific points in time were obtained from the which yields fura-2 ratio images ( Figure 2A ). The [Ca 2ϩ ] i profile at each point in time was fitted by a Gaussian (Figure 2A :
lines), and D app at a given fura-2 concentration was esti-A plot of D app versus b (defined in analogy to equation mated from the relation of the width parameter as a 2) has Db as its asymptotic value at high b, and a y-axis function of time, as described in the theoretical section intercept of (DCaϩ Dee)/(1 ϩ e). A nonlinear least-square (equations 10 and 11; Figure 2B ). The minimal fura-2 fit will provide the values D e and e individually. D b can concentration that we used in these experiments was be obtained independently by analyzing the diffusion of 25 M, as concentrations lower than that did not permit fura-2 following a short fura-2 injection in analogy to reliable imaging of the signal. The experimental points equation 11, as shown below.
describing the relationships between Dapp and b are plotted in the graph of Figure 3 . At higher concentrations of fura-2, values agreed with those previously deterExperimental Determination of the Apparent Calcium Diffusion Coefficient mined in Aplysia nerve cell bodies by Nasi and Tillotson (1985) using arsenazo III. However, as shown below, as a Function of b The procedure that we used to measure the apparent these are strongly influenced by the presence of the indicator dye, such that an extrapolation to zero dye Ca 2ϩ diffusion coefficient (D app ) in a cylindrical axon is Zhou and Neher, 1993; Neher, 1995; Helmchen et al., 1996 Figure 3 (solid line; see figure legend).
To estimate the value of the calcium diffusion coeffiAl-Baldawi and Abercrombie (1995b) for intact Myxicola axoplasm ‫01ف(‬ m 2 /s), and to those reported by Kushcient in the unperturbed axon (Daxo), the y-axis intercept of a fit to the data in Figure 3 must be obtained. Unfortumerick and Podolsky (1969) for frog muscles ‫41ف(‬ m 2 /s). Unlike in the case of other experimental systems, nately, the back-extrapolation to b ϭ 0 cannot be performed very accurately since it is not possible to obtain in which concern was raised that mobile buffers were washed away, the procedures that we used assured reliable data at low enough dye concentrations. However, inspection of Figure 3 shows that 20 m 2 /s can that no washout of endogenous mobile buffers took place. In addition to previous estimates, our method be considered as an upper bound to D axo since this value should not be higher than the linear back-extrapolation provides limits to mobility and Ca 2ϩ -binding ratio of buffers. This is important for the considerations below since of the lowest data points. Likewise, e ϭ 60 should be an upper bound to the endogenous Ca 2ϩ -binding ratio. than twice that found in skeletal muscle (Timmermann 1991; Heizmann and Braun, 1995) . The answer to this question is that, given the low background of mobile and Ashley, 1986), but only about half of that given by buffers, as we find in Aplysia nerve axons, expression Strautmann et al. (1990) for the sea lamprey axons. It is of small amounts of typical Ca 2ϩ -binding proteins will close to one fourth of that found for fura-2 in aqueous have profound effects on Ca 2ϩ signal amplitude and solution (Timmermann and Ashley, 1986) , which is a kinetics. However, such changes will be concealed in 2-fold reduction in addition to the 2-fold reduction of the Ca 2ϩ measurement due to the buffering effects of diffusion coefficients that is generally found for small Ca 2ϩ indicator dyes. These assertions are substantiated molecules in cytosol (Kushmerick and Podolsky, 1969) .
in Table 1 , where both relative signal amplitude and the This indicates that the dye is bound to cytoplasmic relative Dapp are calculated according to equation 17 for structures but not as strongly as it was reported for several cases in which different amounts of either a muscle. Ca 2ϩ -binding protein, or a dye, or a combination of both Our method of estimating D app can readily be adapted is added onto the buffer background specified above. It to other neuronal preparations, where [Ca 2ϩ ] can be is seen that, for example, addition of 75 M parvalbumin focally and briefly elevated-such as by microinjection changes D app almost 3-fold, while addition of 100 M or local photolysis of caged compounds. It is conceivfura-2 (a low concentration of indicator dye for typical able that somata of neurons are loaded with a mixture imaging studies ) changes D app more. Therefore, addition of dextran-coupled dye and caged Ca 2ϩ . Upon spatial of both parvalbumin and fura-2 gives a result not much equilibration, cylindrical portions of an axon or an apical different from that of fura-2 alone. The situation is also dendrite might then be stimulated by a focused spot of quite critical when initial amplitudes of Ca 2ϩ signals are ultraviolet light, and the ensuing Ca 2ϩ signal analyzed calculated. Addition of the protein would change the according to the procedures described here. Such a signal amplitude about 7-fold; this change reduces to sequence could be repeated many times since only a 3-fold when dye is present (comparing the case of 100 minute fraction of caged Ca 2ϩ would be used up during M fura-2 with that of 100 M fura-2 plus 75 M parvala pulse of local photolysis, and, thus, activity-dependent bumin). At high protein concentration, however (e.g., 1 changes in Ca 2ϩ buffering might be revealed. mM, which was found in axons of cerebellar Purkinje At present, we have no way to assess the contribucells), the influence of the dye is not very large. -binding ratio of important because proteins like Calmodulin, Calbindins, the majority of cell types to be in the range of 50-150 Parvalbumin, and Calretinine are expressed at widely (reviewed by Neher, 1995) . This includes previous estivarying degrees in neurons of the central nervous sysmates of Ca 2ϩ -binding capacity in Aplysia neuronal cell tem (reviewed by Heizmann and Braun, 1995) . Several bodies: Smith and Zucker (1980) found that 1% of the of these proteins are developmentally regulated (Fierro calcium entering a cell is reported by Arzenazo III, and and Llano, 1996; Lohmann and Friauf, 1996) or are reguAhmed and Connor (1988) calculated a Ca 2ϩ buffer capacity of 45.2 M/⌬pCa, which is compatible with ϭ lated in an activity-dependent way (Lowenstein et al., assumed to be 100 nM. The dissociation constant for fura-2 was assumed to be 760 nM (a value close to the mean of those found Experimental Procedures for in vivo calibrations in several cell types), that of Ca-green 5N as 11 M (Yao and Parker, 1994 (Benzonana et al., 1972) , were assumed. procedures were carried out as previously described (Ziv and Spira, The concentrations of the proteins were chosen as those found in 1993 Spira et al., 1993) . Briefly, cerebral ganglia were isolated, axons and dendrites, respectively, in cerebellar Purkinje and basket and incubated for 1.5-2.5 hr in 1% protease (Sigma type IX) at 35ЊC. cells (Kosaka et al., 1993) .
The ganglia were then desheathed, the cell body of the metacerebral neurons (Kandel, 1976) with their long axons were pulled out with sharp micropipettes and placed on poly-L-lysine (Sigma) coated glass-bottom culture dishes. The culture medium consisted of equal 65 at 300 nM [Ca 2ϩ ]. However, there are examples for parts of filtered hemolymph from Aplysia faciata collected along the higher and more specific Ca 2ϩ buffers in neurons: RobMediterranean coast, and L-15 supplemented for marine species erts (1993) suggested that frog saccular hair cells con- Spira, 1993, 1995; Spira et al., 1993) .
tain millimolar concentration of mobile endogenous buffer with an estimated diffusion coefficient similar to
Loading of Calcium-Sensitive Indicators
The cell body was impaled by a 5-8 M⍀ microelectrode filled with that of EGTA and BAPTA. Likewise, Kosaka et al. (1993) 2M KCl and 10 mM fura-2 as a potassium salt (Molecular Probes). (Oberholtzer et al., 1988; Hermann et al., 1991; Baim-HEPES, and 7 mM EGTA (ethyleneglycol-bis-(b-aminoethyl ether) bridge et al. , 1992) . The analysis presented shows that of largely immobile Ca 2ϩ buffers to the latter one. Such (1985) , as detailed by Spira (1993, 1995) . concentrations by means of a calibration curve (Grynkiewicz et al., Fierro, L., and Llano, I. (1996) . High endogeneous calcium buffering 1985) as previously described (Ziv and Spira, 1993 Grynkiewicz et al. (1985) . The following cium-binding proteins in neurodegenerative disorders. (Heidelberg: values were used: R min ϭ 0.218; Rmax ϭ 8.53; and Sf2/Sb2 ϭ 12.9.
Springer Verlag). As the exact values of these parameters tended to change with Helmchen, F., Imoto, K., and Sakmann, B. (1996) . Ca 2ϩ buffering time, the system was recalibrated routinely. For the generation of the and action potential-evoked Ca 2ϩ signaling in dendrites of pyramidal calculated calibration curve, we assumed a dissociation constant of neurons. Biophys. J. 70, 1069-1081. fura-2 and Ca 2ϩ of 760 nM according to Grynkiewicz et al. (1985) . Lohmann, C., and Friauf, E. (1996) . Distribution of the calcium-binding proteins parvalbumin and calretinin in the auditory brainstem of
